In order to investigate the mechanism of adsorption of reactive dyes from the textile industry on ash from heating plant produced by brown coal combustion, some characteristic sorption constants are determined using Langergren adsorption equations for pseudo-fi rst and pseudo-second order. Combined kinetic models of pseudo-fi rst order and pseudo-second order can provide a simple but satisfactory explanation of the adsorption process for a reactive dye. According to the characteristic diagrams and results of adsorption kinetic parameters of reactive dyes on ashes, for the applied amounts of the adsorbents and different initial dye concentrations, it can be concluded that the rate of sorption is fully functionally described by second order adsorption model. According to the results, the rate constant of pseudo-second order decreases with increasing initial dye concentration and increases with increasing amount of adsorbent -ash.
INTRODUCTION
Dye adsorption on a solid adsorbent, and consequently the process of decolorization is mainly related to the purifi cation processes of wastewater, mainly from textile or some other industry. Residual dye is an important factor when it comes to security of wastewater before its discharge into waterways. Apart from aesthetic problem, the biggest concern regarding the dyes is their absorption and refl ection of sunlight and therefore the disruption of photosynthesis of aquatic plants, which affects a signifi cant increase in bacteria to the levels of insuffi cient biological degradation of contaminants in water, resulting in disruption of ecological balance.
Dyes can cause problems in several ways: they can have acute and/or chronic effects on exposed organisms depending on the exposure time and dye concentration. In addition, the dyes are characterized by suffi cient stability to light and to oxidizing agents. Therefore, the presence of dye in watercourses will signifi cantly reduce the quality of water and thus make it useless for any use. In addition, we found that dyes are dangerous substances with the ability to cause irritation to the gastrointestinal tract, shorter breathing and coughing [1, 2] .
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Among many techniques for removing dyes, adsorption process works best as it can be used to remove different types of dyeing materials. Most commercial systems use activated carbon as a sorbent for dye removal from wastewater, because of its excellent adsorption capability. Although the activated carbon is given the priority as of the preferred sorbent, its widespread use is limited due to high prices.
So far, studies were conducted and relatively numerous approaches for the development of cheaper and more effi cient sorbents were made. Several researchers have suggested many unusual and low-cost adsorbents, including natural minerals, biosorbents and waste materials from industry and agriculture. These materials could be used as adsorbents for the removal of dyes from aqueous solution: clay materials (bentonite, kaolinite), zeolite, silica materials (silicon granules, alunite, perlite), agricultural waste (sugar cane biomass, corn cob, rice husk, coconut shell) industrial waste products (waste cement slurry, metal hydroxide sludge), biosorbents (chitosan, shake, and biomass) and others (starch, cyclodextrin, cotton) [3] [4] [5] [6] [7] .
It is known that the adsorption from solution to solid surface begins to occur when the dipoles or charged types of adsorbents and adsorbates interact with each other. In addition, an exchange of anions and cations occurs when the neutral molecules get close enough to each other. So, in a similar way an interaction occurs between dissolved organic compounds -dyes, solvent molecules -water and the surface of adsorbent -ash.
Therefore, it can be said that the adsorption of dissolved substances (adsorbate) from solution or suspension of solid material (adsorbent), takes place mostly in one of the following mechanisms: exchange of molecules from solution to adsorbent, physical adsorption -due to van der Waals's forces and chemisorptions.
Since the introduction of water-soluble dyes (e.g. reactive dyes), which are now widely used in industry, conventional biological treatment is not suffi cient to achieve adequate removal of dye. Other common methods, such as physical coagulation -fl occulation proved to be failure to eliminate today's most used reactive dyes [8] .
The aim of this paper is to present the adsorption kinetics of a typical reactive dye on the ash, which can lead to valuable data related to the possibility of wider application, for example with purifi cation of the dyed waste waters. Sorption kinetics, which describes the rate of absorption of pollutants (dye), is one of the more important characteristics that defi ne the effi ciency of sorption and the ability to use the adsorbent in controlling water pollution. Hence, the kinetics of reactive dye removal was performed in order to understand adsorption behavior of the adsorbent with respect to concentration and temperature.
EXPERIMENTAL
Bottom ash produced by brown coal combustion from the town heating plant was used as an adsorbent. After collecting and drying, sieving to the particle size of 0.5 mm was done. Crude ash was abundantly rinsed with distilled water, dried in the air, again sifted and used in the experiment.
In the process of adsorption the reactive dye C.I. Reactive Blue 221 from a textile company (hereafter Reactive Blue) was used.
Adsorption test was performed in glass Erlenmeyer fl asks in which the adsorbent is suspended in dye solution -adsorbate. Erlenmeyer fl asks are placed on the shaker with 120 rpm at a certain temperature and kept for specifi ed time. The amount of ash varied from 1 to 4 g, while the solution having constant volume of 100 cm 3 , contained the following dye concentrations, 10, 30, 50, 70 and 100 mg/dm 3 . Processing time, with constant stirring, was 5, 10, 20, 30, 45 and 60 min, while pH varied from 2 to 12, and was adjusted by adding 1M sulfuric acid or sodium hydroxide solutions.
The above dye concentrations were taken because they usually correspond to residual amounts of dye in dyeing solutions after wool dyeing. Practically, in the experiment matching concentrations of pure dye were used without usual dyeing additives. It was found that equilibrium adsorption time on ash was achieved in 60 min; the extension of treatment duration did not signifi cantly alter adsorption.
Upon completion of adsorption, the dissolved dye and ash were fi ltered through a fi lter paper followed by analysis of solution absorption on the spectrophotometer UV-VIS (Cary 100 Conc UV-VIS, Varian) at 575 nm. Reproducibility of data varied in the range of ± 1.8%.
SEM measurements were conducted on the device VEGA TS 5130mm (TESCAN) using a detector for secondary electrons. The ash used was relatively fi ne-bulk material with heterogeneous particles of jagged shapes and forms that come from agglomerates of individual minerals, and are, in general, less than 5 μm in size.
SEM study ( Fig. 1 ) of used ash samples showed the appearance of particles mostly as irregular oblong shapes with characteristic surface macro-porosity. Left micrograph in Figure 1 gives a 1000× magnifi cation view while the right micrograph refers to somewhat bigger plan, magnifi cation of 5000×. Diffraction measurements were performed on the Bruker D8 Advance diffractometer in θ/θ "scan-step" mode in the range of diffraction angles 2θ of 10° to 90° in steps of 0.05° and total exposure of 5 s per step.
Mainly dominated by gypsum and quartz, followed by calcite and aluminum hydrogen sulfate, and fi nally with a share below 10% coming ferchilidit, melanterit, oldhamit and iron sulfate, Table 1 . In relation to the kinetic studies, several models can be used to verify the mechanism of adsorption of dissolved substances on the adsorbent. In order to investigate the adsorption mechanism, the characteristic constants were determined using Lagergen's equations of pseudo-fi rst and pseudo-second order.
The equation of pseudo-fi rst order
Adsorption kinetic data were described using Lagergren model of pseudo-fi rst order, which is the earliest-known equation that describes the rate of adsorption based on adsorption capacity.
Lagergren equation is usually expressed as follows [13] :
Where: q e and q t -adsorption capacity at equilibrium and after time t, respectively (mg/g), k 1 -adsorption rate constant of pseudo-fi rst order (1/min).
By integrating equation (1) for the boundary conditions t = 0 to t = t q t = 0 to q t = q t the following equation is obtained:
Equation (2) can be rearranged to obtain the following linear form:
Graph log(q e -q t ) vs. t gives a linear dependence from which can be determined k 1 and q e from the slope and intercept, respectively. If the intercept is not equal to q e reaction time is probably not a fi rst order reaction, although this graph has high correlation coeffi cient with experimental data. The rate change should be proportional to the fi rst degree of concentration for strictly surface adsorption. However, the relationship between adsorbate initial concentration and the adsorption rate will not be linear when pore diffusion controls the adsorption process.
The equation of pseudo-second order
The model of pseudo-second order, which is usually given as follows [14] , can describe adsorption kinetics:
Where: k 2 -rate constant of second order adsorption (g/mg•min), q e and q t -adsorption capacity at equilibrium and after time t, respectively (mg/g).
By integrating equation (6) for the boundary conditions q t = 0 to q t = q t and t = 0 to t = t, and by linearization and rearrangement we obtain:
Graphics t/q t vs. t give a straight line for all dye concentrations, which confi rms the applicability of pseudo-second order equation. The values of k 2 and the equilibrium adsorption capacity q e were calculated from the intercept and slope of the curve t/q t vs. t, respectively.
Intraparticle diffusion model
Intraparticle diffusion model was tested to identify the diffusion mechanism [9] .
According to this theory:
Where k p (mg/g min 1/2 ), the intraparticle diffusion rate constant, is obtained from the slope of the straight line of q t versus t 1/2 .
RESULTS AND DISCUSSION
Figures 2-6 show diagrams and results related to sorption kinetics of reactive dye on the ash for the applied amount of adsorbent and different dye concentrations. According to the linear model forms of pseudo-fi rst order and pseudo-second order, it can be concluded that the rate of sorption is fully functionally described with the second order model at given experimental conditions. Models of pseudo-fi rst order on diagrams in Figures 2 and 3 do not show good results for the entire period of sorption, unlike the pseudo-second order, which provide functional straight line for all dye concentrations, as shown in Figures 4 and 5 , which confi rms its applicability (model pseudo-second order). Interpretation of intraparticle diffusion model is graphically presented in Figure 6 . As can be seen, the linear line did not pass through the origin and this deviation from the origin or near saturation might be due to the difference in the mass transfer rate in the initial and fi nal stages of adsorption [10] . Values of intercept, C, (q t = kp • t 1/2 + C), give an idea about the thickness of boundary layer, i.e., larger the intercept, greater is the boundary layer effect. Also, there may be a present multi linearity, which indicates that two or more steps occur in the adsorption processes. The fi rst sharper portion is the external surface adsorption or instantaneous adsorption stage. The second portion is the gradual adsorption stage, where the intra-particle diffusion is rate controlled. The third portion is the fi nal equilibrium stage, where the intra-particle diffusion starts to slow down due to the extremely low solute concentration in solution [11, 12] . The results for the adsorbent amount of 2 and 3 g are not shown in order not to burden the work since it is similar results. Tables 2-5 present results of kinetic parameters of the adsorption process of reactive dye on ash (the equilibrium rate constant for pseudo-fi rst and second order kinetics) for all adsorbent amounts used, all initial dye concentrations, all temperatures and parameter q values (calculated -q cal and experimental -q exp ).
Although the coeffi cients of determination R 2 for the kinetic model of pseudo-fi rst order were generally greater than 0.9, for all amounts of adsorbent, all initial dye concentrations and temperatures, much lower values of the calculated parameter (q cal ) were obtained (q cal ) compared to those of experimental parameter (q exp ). Therefore, adsorption cannot be best described using a kinetic model of pseudo-fi rst order, because in many cases the fi rst-order equation does not adequately cover the entire range of contact time.
In contrast, the kinetic model of pseudo-second order shows in all cases R 2 = 1, achieving full functionality of the model; then it can be used to describe the adsorption process of a dye on the ash. In addition, the differences between parameters q cal and q exp are minimal for this model and practically insignifi cant. The advantage of our derivation is that it shows when the initial concentration of solute is not too high, that the sorption process obeys the pseudo-second-order model. Our results show that the observed rate constant of the second order model (k 2 ) is a complex function of the initial concentration of solute, which agrees with many studies [15] [16] [17] .
Thus, the pseudo-fi rst order of kinetic model does not describe adequately the kinetics of adsorption for dye -adsorbent system because the experimental values q exp do not agree with calculated q cal values obtained from Lagergen graph with coeffi cient of determination lower than 1.
According to the results in Tables 2-4 , rate constant of pseudo-second order decreases linearly with increasing initial dye concentration and increases with an increasing amount of adsorbent -ash. In addition, with an increasing temperature from 20 through 40 to 60°C, the rate constant of pseudo-second order shows continued growth. Dye concentration decreases rapidly during initial absorption before diffusion inside particles begin to control adsorption kinetics in all cases. Increasing contact time (or decreasing rate of external diffusion) reduces the resistance of the boundary layer and thus enhances the mobility of dye during the adsorption. The results show that increased dye concentration led to lower initial rate while change in temperature from 20 to 60°C increased external diffusion. It is clear that external mass transfer resistance cannot be ignored even at high mixing speed, although the resistance is signifi cant only for an initial period of sorption.
Generally, the driving force changes with the dye concentration in bulk solution. The increase in dye concentration results in the increase of driving force, which consequently increases the diffusion rate of the molecular dye from bulk phase to the exterior surface of adsorbent. According to the results in Table 5 , the effect of the initial dye concentration k p was not signifi cant. It is assumed that the diffusion resistance which is caused by the size of the adsorbate molecule and the pore-size distribution of the adsorbent is larger than the driving force of diffusion. Finally, the increase in the driving force of diffusion can be neglected when the dye diffuses in the pores of the particles. The R 2 values (Table 5 ) obtained were lower compared to those obtained from pseudo-second-order kinetic model, however, the calculated and experimental q values agreed satisfactorily well for intraparticle diffusion model. 
CONCLUSION
The kinetic factors affecting the process of dye adsorption in aqueous solution using ash as adsorbent were studied. It is shown that by-product of town heating plant is a good adsorbent. Combined, kinetic models of pseudo-fi rst order and pseudo-second-order without doubt can provide a simple but satisfactory explanation of the adsorption processes in many systems. In recent years, the pseudo-second-order rate expression has been widely applied to the adsorption of pollutants from aqueous solutions. The advantage of using this model is that there is no need to know the equilibrium capacity from the experiments, as it can be calculated from the model. The pseudo-second-order rate expression was used to describe chemisorptions involving valence forces through the sharing or exchange of electrons between the adsorbent and adsorbate as covalent forces, and ion exchange. Based on experimental results the following conclusions can be drawn:  Kinetics of dye adsorption followed the model of pseudo-second order: experimental q exp values are fully consistent with the calculated q cal values, coeffi cient of determination in all cases of the model of pseudo-second order for dye is R 2 = 1. (With pseudo-fi rst order model R 2 is below 1 or below 0,9).
 The rate constant of pseudo-second order decreases with an increasing initial concentration of both dyes and increases with an increasing amount of adsorbent -ash and temperature. The k 2 constant value is usually strongly dependent on the applied initial solute concentration. It decreases with the increasing initial solute concentration as a rule, which is a commonly known fact related to the interpretation of k 2 as a time-scaling factor (obviously, the higher the initial solute concentration value, the longer time is required to reach equilibrium). This is in agreement with the results of most theoretical interpretations, predicting such dependence of k 2 on initial solute concentration.  Intraparticle diffusion model of textile dyeing give an idea about the thickness of boundary layer, i.e., larger the intercept, greater is the boundary layer effect.  Based on kinetic data, it can be concluded that physical adsorption prevails because according to the pseudo-second order model there were no limitations due to chemisorption that includes valence forces and exchanging and sharing of electrons between adsorbent and adsorbate.
